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[the peroxiredoxins]{.smallcaps} (Prdxs), a diverse family of antioxidant proteins, exhibit peroxidase and chaperone activities and participate in redox signaling ([@r18], [@r43]). These proteins are highly abundant in the heart, yet relatively little is known about their response during cardiac oxidative stress. Most work has indicated that Prdxs within the heart and vasculature are cytoprotective. Within erythrocytes, Prdx1 and Prdx2 protect hemoglobin from irreparable damage inflicted by reactive oxygen species, which otherwise leads to anemia ([@r20], [@r30]) and disrupts the vasodilatory role of hemoglobin ([@r33]). Prdx1 and Prdx2 suppress tyrosine kinase signaling, potentially regulating vascular remodeling ([@r18]). Prdx2 also prevents monocyte attachment to endothelial cells in response to treatment with oxidized LDL ([@r40]), an otherwise injurious inflammatory event. Prdx3, Prdx4, Prdx5, and Prdx6 are downregulated in the failing myocardium, at least in terms of mRNA expression ([@r4]). Prdx3 confers protection against oxidative stress within the mitochondria of aortic cells and within the ischemic rat myocardium ([@r1]) and also prevents left ventricular remodeling and failure after myocardial infarction ([@r24]). Prdx6-null mice are more susceptible to ischemia-reperfusion injury ([@r29]) but not to atherosclerosis ([@r41]). Prdx6, similar to Prdx1, Prdx2, Prdx3, and Prdx4, is prone to hyperoxidation, but not within murine hearts null for protein kinase Cδ ([@r25]). Prdxs are well known to suppress apoptosis mediated by hydrogen peroxide ([@r18]). Previous studies highlight the high abundance of cardiac Prdx ([@r3], [@r9], [@r25]).

Mammalian Prdx enzymes can be subdivided into six subtypes (Prdx1, Prdx2, Prdx3, Prdx4, Prdx5, and Prdx6) on the basis of protein sequence and catalytic mechanism ([@r14], [@r36], [@r43]). All subtypes share a common mechanism that involves oxidation of a conserved peroxidatic cysteine to a sulfenic acid group by a peroxide molecule. For Prdx1, Prdx2, Prdx3, and Prdx4 (typical 2-Cys Prdxs), the peroxidatic cysteine SOH is attacked by a second conserved cysteine (the resolving cysteine) from a second monomer, and the resultant disulfide bond is reduced by a disulfide reductase, such as thioredoxin. Prdx5 is referred to as an atypical 2-Cys Prdx, because the resolving cysteine resides within the same monomer. In the case of Prdx6 (a 1-Cys Prdx), the peroxidatic sulfenic acid group is reduced by glutathione in a reaction catalyzed by π-glutathione transferase ([@r23]) or ascorbate ([@r27]).

The dimer is the smallest structural subunit for all mammalian Prdxs. Catalytically, Prdx1, Prdx2, Prdx3, and Prdx4 function as dimers able to form disulfide bonds between both pairs of peroxidatic and resolving cysteine. Prdx5 is functional as a monomer and forms an intramolecular disulfide, whereas Prdx6 is functional as a dimer, although the catalytic cysteine is only known to form mixed disulfides with GSH within the reaction cycle. The peroxidatic and chaperone activities of Prdx are dependent on the oligomeric state of the protein ([@r18], [@r32], [@r43]). Prdxs most commonly exist as a dynamic equilibrium of dimers and decamers (5 dimers arranged as a decameric ring), although higher oligomers have been reported ([@r43]). Interconversion and stability of these various discrete structures are dependent on the oxidation state of the catalytic cysteines, that is, whether the peroxidatic cysteine is reduced (SH), sulfinated (SO~2~), or sulfonated (SO~3~; i.e., hyperoxidized), in a disulfide bond with the resolving cysteine, or in a disulfide bond formation involving dimers (in the case of Prdx1) ([@r21]).

Molecular chaperone activity is also clearly associated with increased oligomer formation induced by oxidative or heat stress ([@r18], [@r21]). In contrast, comprehensive structure-peroxidase activity studies have only been conducted on the distantly related bacterial Prdx in vitro ([@r32]), and our understanding of the influence of oligomer formation on the in vivo peroxidatic activity of mammalian Prdx is poor. A more detailed understanding of the in vivo oligomeric status of cardiac Prdx is therefore of direct importance to understanding the activity of Prdx within the heart during redox signaling or oxidant stress. Therefore, the aim of the present study was to characterize changes in the redox-dependent structural status of Prdxs within cardiac tissue in response to hydrogen peroxide, a model oxidant important for cardiac redox signaling, as well as a perpetrator of injury at higher concentrations. The perfusion of isolated hearts with hydrogen peroxide in an ex vivo setting is a widely used and well-established procedure in cardiovascular research. Application of 0.01--1 mM hydrogen peroxide to isolated cells and intact organ tissues is a commonly used procedure that mimics the release of endogenous peroxide through growth factors and other effectors. This approach is considered relevant to physiology and, at higher concentrations, to pathology. Although endogenous peroxide levels are unlikely to ever exceed 0.1 mM (except perhaps very locally), application of exogenous peroxide results in a final intracellular concentration that is likely to be ≤1--15% of the applied concentration ([@r37]).

METHODS
=======

Experimental procedures.
------------------------

This investigation was performed in accordance with the Home Office *Guidance on the Operation of the Animals (Scientific Procedures) Act 1986*, published by Her Majesty\'s Stationery Office (London, UK). Animals were maintained humanely in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the *Guide for Care and Use of Laboratory Animals* prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH Pub. No. 85-23, revised 1985). All animal protocols were approved both by the local King\'s College Ethical Review Process Committee and by the UK Government Home Office (Animals Scientific Procedures Group).

Chemicals.
----------

Chemicals were obtained from Sigma Chemical (Poole, UK) or VWR (Lutterworth, UK) unless otherwise stated and were of analytical research grade or above.

Preparation of isolated rat hearts perfused with hydrogen peroxide.
-------------------------------------------------------------------

Male Wistar rats (4--6 wk old, 250--300 g body wt; B & K Universal, Hull, UK) were anesthetized with pentobarbitone sodium (40 mg ip) and injected with sodium heparin (200 IU) via the femoral vein. Hearts were rapidly excised, placed in cold (4°C) bicarbonate buffer ([@r10]), cannulated, and perfused at a constant flow of 12 ml·min^−1^·g tissue^−1^ ([@r10]) as follows: 30 min of aerobic perfusion with bicarbonate buffer followed by 5 min of perfusion with 0--10,000 μM hydrogen peroxide in bicarbonate buffer. At the end of the perfusion protocol, hearts were frozen and stored in liquid nitrogen until further analysis. Hearts were prepared as 10% homogenates (10 ml buffer/g cardiac tissue) in cold 100 mM Tris·HCl (pH 7.2), 100 mM maleimide, and protease inhibitors (Complete C, Roche). Hearts were disrupted by mechanical tissue disruption using a tissue grinder (Polytron). An unfractionated aliquot was reconstituted in nonreducing maleimide-SDS sample buffer. For subcellular fractions, the 10% ventricle homogenate was centrifuged at 24,000 *g* for 5 min, and the supernatant was designated the cytosol. The pellet was resuspended in homogenization buffer containing 1% Triton X-100 and centrifuged as described above, with the new supernatant enriched in membrane-associated proteins and the pellet enriched in integral membrane proteins, myofilament, and nuclear proteins. The pellet was resuspended in homogenization buffer supplemented with 1% Triton X-100 and centrifuged as described above. The new supernatant is known to be enriched in integral membrane marker proteins such as the Na-K-ATPase and sarco(endoplasmic) reticulum Ca-ATPase, whereas the pellet is enriched with myofilament and nuclear proteins.

Prdx subtype detection by immunoblotting and immunodetection.
-------------------------------------------------------------

Protein samples prepared from hearts were analyzed by SDS-PAGE using the Mini Protean 3 system (Bio-Rad, Hemel Hempstead, UK). Aliquots of each sample were treated with an equal volume of 2× SDS nonreduced sample buffer \[100 mM Tris·HCl (pH 6.8), 4% SDS, 0.02% bromphenol blue, and 20% glycerol\] before SDS-PAGE. Reduced samples were prepared with 10% (vol/vol) mercaptoethanol. After electrophoresis, samples were transferred onto polyvinylidene difluoride membranes (GE Healthcare, Little Chalfont, UK) using a semidry Transblot Transfer Cell (Bio-Rad). Blots were incubated with primary antibodies (diluted 1:1,000--10,000 in 5% milk + PBS-Tween) for 3 h at room temperature or overnight at 4°C. Horseradish peroxidase-coupled anti-mouse IgG secondary antibody (diluted 1:1,000 in 5% milk + PBS-Tween and applied for 1 h at room temperature) was used to detect primary antibodies bound to the blot, together with enhanced chemiluminescence reagent (GE Healthcare). Nonreduced and reduced immunoblots were probed with polyclonal rabbit antibodies against Prdx1, Prdx2, Prdx3, Prdx5, Prdx6, and Prdx SO~2~/SO~3~. Primary antibodies were purchased from Lab Frontier (Seoul, Korea), with the exception of purified rabbit polyclonal antibody raised against full-length human Prdx2, which was generously provided by Dr. Leslie Poole (Wake Forest University School of Medicine, Winston-Salem, NC). Nonreduced blots derived for Prdx1, Prdx2, and hyperoxidized Prdx were digitized and quantitatively analyzed using NIH Image software (Freeware, National Institutes of Health, Bethesda, MD). Values are means ± SE. Differences between groups were assessed using ANOVA followed by a *t*-test and were considered significant at the 95% confidence level.

RESULTS
=======

Prdx subtype detection by immunoblotting.
-----------------------------------------

Rat hearts were perfused with 0--10,000 μM hydrogen peroxide and subsequently prepared in the presence of maleimide, which should prevent any further thiol modifications by alkylating free cysteinyl thiols. Under basal (control) conditions, Prdx1 migrates predominantly as a monomer ([Fig. 1*A*](#f1){ref-type="fig"}, *lanes 1--3*). Treatment of a series of hearts with 1--10,000 μM hydrogen peroxide induced the formation of disulfide dimers ([Fig. 1*A*](#f1){ref-type="fig"}, *lanes 4--8* and *9--13,* and [Fig. 4*A*](#f4){ref-type="fig"}). These Prdx1 disulfide dimers were absent under reducing conditions ([Fig. 1*B*](#f1){ref-type="fig"}). Hydrogen peroxide at 10--100 μM was adequate to completely disulfide dimerize Prdx1. In comparison, approximately two-thirds of Prdx2 already existed as disulfide-dependent dimers under basal conditions ([Fig. 1*C*](#f1){ref-type="fig"}, *lanes 1--3*). Treatment of a series of hearts with 1--10,000 μM hydrogen peroxide further induced the formation of disulfide dimers ([Fig. 1*C*](#f1){ref-type="fig"}, *lanes 4--8* and *9--13*, and [Fig. 4*B*](#f4){ref-type="fig"}). Hydrogen peroxide at 10--100 μM was sufficient to completely dimerize Prdx2. Multiple dimeric species are clearly present and may differ in terms of minor degradation or phosphorylation state. A small fraction of the total Prdx1 and Prdx2 appears to form large (\>250-kDa) oligomers in response to high (\>100 μM) levels of hydrogen peroxide ([Fig. 1](#f1){ref-type="fig"}, *A* and *C, lanes 6--8* and *11--13*). For Prdx2 at least, these species break down after reduction ([Fig. 1*D*](#f1){ref-type="fig"}). Approximately half of all the Prdx3 already existed as disulfide-dependent dimers under basal conditions, and hydrogen peroxide did not appear to induce the formation of additional dimers. Instead, treatment of a series of hearts with 1--10,000 μM hydrogen peroxide induces the formation of a succession of disulfide-dependent species (∼75, 100, and \>250 kDa) that are larger than the disulfide dimer ([Fig. 2](#f2){ref-type="fig"}, *A lanes 6--8* and *11--13*). However, these species are readily reducible ([Fig. 2*B*](#f2){ref-type="fig"}, *lanes 6--8* and *11--13*). Prdx5 forms two monomer species in the 15- to 20-kDa range under basal conditions (referred to as *monomer 1* and *monomer 2*), although an increase in the hydrogen peroxide concentration from 100 to 1,000 μM causes disappearance of *monomer 2* and emergence of a smaller species, *monomer 3*. However, these are only observed under nonreducing conditions (cf. [Fig. 2*C*](#f2){ref-type="fig"}, *lanes 7* and *8* and *lanes 12* and *13,* with [Fig. 2*B*](#f2){ref-type="fig"}, *lanes 7* and *8* and *lanes 12* and *13*). This transition is consistent with Prdx5 forming an intramolecular (rather than intermolecular) disulfide bond that displays a faster mobility by SDS-PAGE, as reported by others ([@r11]), although half of the total monomeric Prdx5 appears not to do so (*monomer 1*). Finally, Prdx6 runs as a ∼25-kDa species under basal conditions that correlates with the cDNA-derived mass under reduced ([Fig. 3*B*](#f3){ref-type="fig"}) or nonreduced ([Fig. 3*A*](#f3){ref-type="fig"}) conditions. Treatment with hydrogen peroxide did not alter Prdx6 migration, which is a notable contrast to the other isoforms. The bands that migrate at \>25 kDa are unlikely to be Prdx6, inasmuch as they are not lost under reducing conditions and their banding pattern is not modulated by any of the peroxide interventions. Consequently, these bands, including the strong one at 75--100 kDa, are likely nonspecific.

Hyperoxidation of cardiac Prdx in response to hydrogen peroxide.
----------------------------------------------------------------

Hyperoxidized Prdx was detected with an antibody raised against an active site peptide, the sequence of which is common to four Prdx isozymes (Prdx1, Prdx2, Prdx3, and Prdx4) and is hyperoxidized to a mixture of sulfinic (SO~2~) and sulfonic (SO~3~) acids at the peroxidatic cysteine ([@r42]). Significant amounts of hyperoxidized Prdx were only detected after treatment with \>100 μM hydrogen peroxide ([Fig. 3](#f3){ref-type="fig"}, *C* and *D, lanes 7* and *8* and *lanes 12* and *13*). Hyperoxidation of Prdx1, Prdx2, Prdx3, and Prdx4 was quantitated ([Fig. 4*C*](#f4){ref-type="fig"}) using data from three separate experiments. Unfortunately, no pan-specific Prdx1, Prdx2, Prdx3, and Prdx4 "total" antibody is available to serve as a loading control. However, probing the same samples under reducing conditions with antibodies to Prdx1, Prdx2, Prdx3, Prdx5, and Prdx6 indicates that the expression levels of these subtypes do not change with the interventions tested. The nonreduced profile suggests that hyperoxidized Prdx can associate with nonhyperoxidized Prdx and form a hybrid dimer that contains a single disulfide bond and a single hyperoxidized peroxidatic cysteine residue ([Fig. 3*C*](#f3){ref-type="fig"}, *lanes 7* and *8* and *lanes 12* and *13*), as represented in schematic form in [Fig. 6](#f6){ref-type="fig"}. This dimer is readily reducible ([Fig. 3*D*](#f3){ref-type="fig"}, *lanes 7* and *8* and *lanes 12* and *13*).

Effect of hydrogen peroxide on subcellular distribution of Prdx1, Prdx2, and Prdx3.
-----------------------------------------------------------------------------------

Fractionated heart (control or hydrogen peroxide treated) samples prepared for Western blot analysis were probed with polyclonal antibodies against Prdx1, Prdx2, Prdx3, or hyperoxidized Prdx. Prdx1 and Prdx2 are mostly confined to the soluble fraction ([Figs. 5*A*](#f5){ref-type="fig"} and [4*B*](#f4){ref-type="fig"}), although a proportion of Prdx2 disulfide dimer translocated from the cytosol to the membrane-enriched fraction in response to treatment with 10--100 μM hydrogen peroxide. Prdx3 also translocated to the membrane fraction, as well as the Triton-insoluble fraction enriched in myofilament proteins in response to oxidant ([Fig. 5*C*](#f5){ref-type="fig"}). Treatment with elevated levels of hydrogen peroxide (100 μM) induced hyperoxidation of Prdx, and this also appears in the membrane and, to a lesser extent, in the myofilament compartment ([Fig. 5*D*](#f5){ref-type="fig"}). Some of the increased amounts of dimer at the membrane may have resulted from dimerization events at the membrane, rather than solely from translocation of Prdx from the cytosol.

DISCUSSION
==========

Treatment of rat hearts with an increasing concentration of exogenously applied hydrogen peroxide clearly alters the oligomeric structure of a number of Prdx proteins, which reflects changes in the redox status of one or both of the catalytic cysteine residues. Prdx1 and Prdx2 react in a similar fashion, in that they readily form disulfide bonds in response to 10--100 μM hydrogen peroxide; under basal conditions, however, Prdx1 is more reduced than Prdx2. This is consistent with the observation that hydrogen peroxide elicits less reaction with Prdx1 than Prdx2 ([@r21]). Multiple dimeric bands are present for Prdx1 and Prdx2 in the samples illustrated in [Fig. 1](#f1){ref-type="fig"}, although the extent of the dimeric bands is less for the equivalent samples shown in [Fig. 5](#f5){ref-type="fig"}. This discrepancy is most probably due to differences in the extent of degradation between samples. The monomer-to-(covalent) dimer transitions on gels reported here compare well with oligomeric changes characterized for Prdx within eukaryotes ([@r5], [@r22], [@r39]) and prokaryotes ([@r32]), although Low et al. ([@r22]) detected complete dimerization of erythrocyte Prdx2 with only 5 μM hydrogen peroxide. Our approach of extracting cardiac tissues in the presence of the alkylating reagent maleimide is intended to trap the redox state of the cysteine residues within all proteins, by preventing further modification of Cys-SH, and is a commonly applied and accepted approach ([@r3]). However, alkylation may only be partially effective in preventing artifactual oxidation during sample preparation, especially under native conditions in the absence of SDS. As a result, the extent of dimer formation as indicated in [Figs. 1](#f1){ref-type="fig"}--[3](#f3){ref-type="fig"} (and quantitated in [Fig. 4](#f4){ref-type="fig"}) may be overstated. Nevertheless, because all samples were prepared equally, our data still present a valid analysis of the changes in the extent of Prdx dimerization in response to oxidation within cardiac tissues.

Prdx3 differs from Prdx1 and Prdx2, in that it appears unaffected by exposure to exogenous hydrogen peroxide in terms of increased dimer formation. Instead, Prdx3 appears to be more prone to oligomer formation than Prdx1 and Prdx2 and, in response to hydrogen peroxide, forms species that represent multiples of monomers (75 kDa = 3 × 25 kDa, 100 kDa = 4 × 25 kDa, ≥250 kDa ≥ 10 × 25 kDa). Prdx3 oligomer formation has been observed by crystallographic and electron-microscopic studies ([@r6], [@r12], [@r13]) and by gel and circular dichroism analysis of recombinant Prdx3 ([@r12]).

As an atypical 2-Cys Prdx, Prdx5 differs from Prdx1, Prdx2, Prdx3, and Prdx4 in having a pair of catalytic cysteines (consisting of 1 peroxidatic and 1 resolving cysteine) within one polypeptide (as opposed to 2 pairs of cysteines split between 2 polypeptides within each dimer), such that the monomer is a single functional unit capable of forming an intramolecular disulfide bond between these two residues, although Prdx5 generally always exists as a noncovalent dimer ([@r11]). We observed Prdx5 intramolecular disulfide bond formation after 100 μM hydrogen peroxide treatment, manifesting itself as a small, but reversible, increase in mobility by SDS-PAGE ([@r11]). Recently, Prdx5 was found to be translated from two alternate initiation sites, generating a smaller (17.0-kDa) protein in addition to the previously reported 21.5-kDa protein, although both variants contain the pair of reactive cysteines required for intramolecular disulfide bond formation ([@r31]); therefore, *monomer 1* may relate to this species and *monomer 2* to the 21.5-kDa species, in which case only the 21.5-kDa species appears to be redox active. The nature of the ∼50-kDa species is unknown and probably does not relate to Prdx5.

Prdx6 appears to show no gross structural change in response to exogenous peroxide, as evidenced by migration changes on nonreducing immunoblots. Prdx6 can form aggregated protein that is dependent on the noncatalytic Cys^91^ ([@r8]) and, therefore, possibly in a disulfide-dependent manner. However, we did not observe its oxidant-induced oligomerization by SDS-PAGE. In summary, disulfide bond formation within Prdx1, Prdx2, and Prdx5 can be approximated to an EC~50~ of 10--100, 1--10, and 100--1,000 μM, respectively, for hydrogen peroxide.

Prdxs are prone to hyperoxidation in the presence of \>100 μM hydrogen peroxide in a reducing environment (e.g., DTT in vitro or thioredoxin in vivo), such that the protein is in a continual cycle of oxidation and reduction, and within each cycle a small fraction of the sulfenic acid form becomes hyperoxidized to the sulfinate or sulfonate form ([@r44]). Hyperoxidation has been reported for purified Prdx in vitro ([@r38], [@r44]) and for Prdx in cells and tissues treated with exogenous hydrogen peroxide ([@r7], [@r26], [@r44]). Importantly, hyperoxidation has also been demonstrated in response to peroxides generated endogenously in response to an effector molecule, such as glucose oxidase and TNFα ([@r35]), underlying the notion that Prdx hyperoxidation is, in all likelihood, a physiological event. Sulfination of the peroxidatic cysteine has been characterized in terms of the exogenous concentration of hydrogen peroxide that is required (\>100 μM), in terms of its lowered isoelectric point (∼5.2 for Prdx2-SO~2~ compared with ∼5.5 for Prdx2-SH) ([@r26], [@r42]), its enzymatic repair by sulfiredoxin ([@r2]), and its influence on the protein environment at the molecular structural level ([@r38]). Within cardiac cells, the isoelectric acidification of Prdx1, Prdx2, Prdx3, Prdx4, and Prdx6 has been reported as a result of hyperoxidation ([@r9], [@r25]). Therefore, hyperoxidation has been observed for typical 2-Cys and for 1-Cys Prdx, but not (so far) for atypical 2-Cys Prdx, possibly because the intramolecular disulfide formation is more rapid than for typical 2-Cys Prdx, which require intermolecular disulfide bond formation. In our studies, hyperoxidation of Prdx1, Prdx2, Prdx3, and Prdx4 is apparent after treatment with \>100 μM hydrogen peroxide. After treatment with 1,000--10,000 μM peroxide, most of the immunoreactivity is attributable to monomeric Prdx ([Fig. 3*C*](#f3){ref-type="fig"}), although virtually all Prdx1 and Prdx2 are now in the dimeric form ([Fig. 1](#f1){ref-type="fig"}). This would suggest that this antibody is either extremely sensitive to trace amounts of hyperoxidized Prdx or the hyperoxidized monomeric Prdx observed in [Fig. 3*C*](#f3){ref-type="fig"} is predominantly Prdx3 (or Prdx4, not studied here), rather than Prdx1 or Prdx2. Because the hyperoxidized antibody used is specific for typical 2-Cys Prdx only ([@r42]), we cannot make any judgments on the hyperoxidation of Prdx5 or Prdx6 from our immunoblots.

We were surprised to find that hyperoxidation does not preclude the formation of disulfide-dependent dimers, presumably because only a single (of a possible 2) disulfide bond is required to resist SDS-dependent breakdown, such that the other peroxidatic cysteine is now hyperoxidized, inactive, and unable to form disulfide bonds. This is only the second time that this phenomenon has been reported ([@r22]). A crystallographic analysis that compared the structure for the reduced dimer of Prdx1 with that for the hyperoxidized dimer of Prdx2 suggested subtle but significant conformational differences between the two forms ([@r38]). Nevertheless, these two alternate monomer structures can clearly still accommodate one another within one dimer that contains only a single disulfide bond. This suggests that the stringency of interaction between different monomeric forms is quite low, and, in support of this, the dimerization of different, but closely related, subtypes has been reported ([@r17]). Partial disulfide dimers have also been observed for Prdx2 from erythrocytes ([@r22]).

The large complexes formed by Prdx3 (and, to a much lesser extent, Prdx1 and Prdx2) are resistant to SDS and, therefore, covalent but are readily reducible and, therefore, disulfide dependent. As such, they are presumed to involve the participation of other cysteines (apart from the peroxidatic and resolving cysteine residues) and are distinct from the well-characterized decamer composed of five dimers (which may or may not be disulfide bonded) packed noncovalently into a toroidal ring ([@r43]). Prdx1 also contains Cys^71^ and Cys^83^, and Prdx2 also contains Cys^70^. Unique to Prdx1, Cys^83^ can form disulfide bonds between adjacent dimers of the decameric toroid ([@r21]), although not apparently at the same time as the well-established disulfide bond within each dimer (between the peroxidatic and resolving cysteines); hence, these decamers are still SDS labile. High-molecular-mass Prdx oligomers that have lost their peroxidase activity but gained chaperone activity, which enables them to protect other proteins from unfolding during conditions of oxidant stress and heat shock, have been reported ([@r15], [@r16], [@r21], [@r28]). For Prdx1 and Prdx2, formation of these "chaperone oligomers" can be induced not just by oxidation ([@r21], [@r28]), but also by phosphorylation at Thr^90^, at least for Prdx1 ([@r15]). However, all these species appear to be SDS labile, suggesting that the disulfide-dependent complexes that we have observed are related to, but distinct from, these chaperone oligomers. The only comparable SDS-resistant species that has been reported is a Prdx2 complex isolated from erythrocyte membranes ([@r34]). Cellular compartmental analysis of hearts indicates that a proportion of Prdx2 translocates from the cytosol- to the membrane-associated fraction in response to treatment with 10--100 μM hydrogen peroxide, mostly in the form of SDS-resistant oligomers that are enriched in hyperoxidized Prdx.

Overall, these results demonstrate that Prdxs readily form intermolecular (or intramolecular) bonds in response to treatment of rat hearts ex vivo with 10--100 μM exogenous hydrogen peroxide. These results are consistent with those observed for Prdx in other tissues and purified Prdx in vitro. However, in contrast to previously published in vitro data, hyperoxidized Prdx is still able to form a covalent dimer (containing a single disulfide bond) with nonhyperoxidized Prdx, which reflects a previously unsuspected flexibility of interaction within the dimer. In terms of functional consequences, increased Prdx disulfide dimer formation is probably associated with lessened peroxidase activity once the concentration of reduced thioredoxin becomes limiting, if the Prdx reaction cycle is considered ([@r43], [@r44]). Hyperoxidation does inhibit Prdx activity, at least temporarily, before enzymatic repair ([@r2]). No attempt was made to measure the peroxidatic activities of the various Prdx enzymes, because there is no peroxidatic assay that is specific to Prdx activity within crude extracts. Furthermore, the alkylation of hearts with maleimide during sample preparation was a requirement if the Prdx redox status were to be preserved, but this inadvertently inhibits Prdx peroxidatic activity. A summary and model of these redox-modulated changes in Prdxs are outlined in [Fig. 6](#f6){ref-type="fig"}. Within this scheme, oxidation of the catalytic cysteines to disulfide bonds promotes the breakdown of decamers to dimers, as previously reported ([@r32], [@r42]). Prdx enzymes play cardioprotective and signaling roles within the heart by regulating peroxide concentrations under basal conditions and during oxidative stress and also by acting as chaperones under conditions of heat and oxidative stress.
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![Effect of hydrogen peroxide on cardiac peroxiredoxin (Prdx) 1 (Prdx1) and Prdx2. Nonreduced (*A* and *C*) and reduced (*B* and *D*) immunoblots of whole rat cardiac extracts were probed with polyclonal antibodies against Prdx1 and Prdx2. Treatment of a series of hearts with 1--10,000 μM hydrogen peroxide induced formation of disulfide dimers for Prdx1 (*A lanes 4--8* and *9--13*) and Prdx2 (*C, lanes 4--8* and *9--13*). Treatments were carried out in duplicate hearts. Dimers are absent under reducing conditions (*B* and *D*).](zh40070883670001){#f1}

![Effect of hydrogen peroxide on cardiac Prdx3 and Prdx5. Nonreduced (*A* and *C*) and reduced (*B* and *D*) immunoblots of whole rat cardiac extracts were probed with polyclonal antibodies that detect Prdx3 and Prdx5 from hearts treated in duplicate. Hydrogen peroxide induces formation of a succession (∼75, 100, and \>250 kDa) of disulfide-dependent species (*A, lanes 6--8* and *11--13*). These species are readily reducible (*B, lanes 6--8* and *11--13*). Under basal conditions, Prdx5 forms 2 monomer species, although an increase in hydrogen peroxide concentration causes disappearance of *monomer 2* and emergence of a smaller species, *monomer 3*, but only under nonreducing conditions (cf. *C, lanes 7* and *8* and *lanes 12* and *13,* with *D, lanes 7* and *8* and *lanes 12* and *13*).](zh40070883670002){#f2}

![Effect of hydrogen peroxide on cardiac Prdx6 and Prdx hyperoxidized to cysteine sulfinic/sulfonic acid (SO~2~/SO~3~) at peroxidatic cysteine. Nonreduced (*A*) and reduced (*B*) immunoblots of cardiac extracts were probed with a polyclonal antibody against Prdx6 from hearts treated in duplicate. Prdx6 runs as a ∼25-kDa species under all conditions, regardless of hydrogen peroxide concentration. Nonreduced (*C*) and reduced (*B* and *D*) immunoblots of cardiac extracts were probed with polyclonal antibodies against hyperoxidized Prdx (Prdx1, Prdx2, Prdx3, and Prdx4). Significant amounts of hyperoxidized Prdx are only detected after treatment with ≥100 μM hydrogen peroxide (*C* and *D*, *lanes 7* and 8 and *lanes 12* and *13*). Hyperoxidized Prdx can associate with nonhyperoxidized Prdx and form a hybrid dimer that is part disulfide, part hyperoxidized (*C, lanes 7* and *8* and *lanes 12* and *13*) and is reducible (*D, lanes 7* and *8* and *lanes 12* and *13*).](zh40070883670003){#f3}

![Quantification of formation of disulfide dimers of Prdx1 (*A*) and Prdx2 (*B*) in rat hearts after treatment with 0--10,000 μM hydrogen peroxide. Data from ≥3 independent experiments are shown as percentage of Prdx1 or Prdx2 that exists as monomer or dimer after peroxide treatment. Measurements were made from nonreducing blots, examples of which are shown in [Fig. 1](#f1){ref-type="fig"}. *C*: quantitation of Prdx hyperoxidation, which is predominantly derived from Prdx1, Prdx2, Prdx3, and Prdx4, after hydrogen peroxide treatment. Values are means ± SE. Significantly different from nonperoxide (control): \**P* \< 0.05; \*\**P* \< 0.01.](zh40070883670004){#f4}

![Effect of hydrogen peroxide on compartmental distribution of Prdx1, Prdx2, and Prdx3 within whole heart extracts. Rat hearts were exposed to increasing concentrations of hydrogen peroxide and fractionated into cytosolic, membrane-associated (Triton-soluble), and integral membrane (Triton-insoluble) compartments. Extracts were treated without reducing agent, and fractions were probed with polyclonal antibodies to Prdx1, Prdx2, Prdx3, and Prdx4 and to hyperoxidized Prdx (hyperoxidized Prdx1, Prdx2, Prdx3, and Prdx4). Prdx1 (*A*), Prdx2, and Prdx3 are almost entirely confined to the cytosol, although translocation is apparent for some Prdx2 (*B*) and Prdx3 (*C*) from the cytosol to the membrane in response to hydrogen peroxide. Hyperoxidation causes Prdx translocation to membrane-associated and integral membrane compartments (*D*).](zh40070883670005){#f5}

![Oligomeric behavior of cardiac Prdx2 during ex vivo treatment with hydrogen peroxide. Under basal conditions, Prdx2 exists as a mixture of disulfide-bonded dimers and partially reduced decamers. Disulfide bonds are indicated by black bars. Ex vivo treatment with 100 μM hydrogen peroxide drives oxidation of decamers and reduced dimers into disulfide-bound dimers, coincident with breakdown of remaining decamers and hyperoxidation of some monomers.](zh40070883670006){#f6}
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